Domain adaptation aims at training a classifier in one dataset and applying it to a related but not identical dataset. One successfully used framework of domain adaptation is to learn a transformation to match both the distribution of the features (marginal distribution), and the distribution of the labels given features (conditional distribution). In this paper, we propose a new domain adaptation framework named Deep Transfer Network (DTN), where the highly flexible deep neural networks are used to implement such a distribution matching process. This is achieved by two types of layers in DTN: the shared feature extraction layers which learn a shared feature subspace in which the marginal distributions of the source and the target samples are drawn close, and the discrimination layers which match conditional distributions by classifier transduction. We also show that DTN has a computation complexity linear to the number of training samples, making it suitable to large-scale problems. By combining the best paradigms in both worlds (deep neural networks in recognition, and matching marginal and conditional distributions in domain adaptation), we demonstrate by extensive experiments that DTN improves significantly over former methods in both execution time and classification accuracy.
Introduction
Conventional machine learning requires a large amount of training samples in order to train a reliable model. In many real-world applications, however, it's expensive and sometimes even impossible to get enough labeled training data. A straightforward solution is to train a model on a labeled dataset, related but not identical to the target task, and apply the model to the data being considered. Unfortunately, performance of the model may drop dramatically during the domain transfer, due to different feature and label distributions [5] . In order to solve this problem, domain adaptation which aims at learning from one dataset (source dataset) and transferring the knowledge to a related but not identical dataset (target dataset) becomes an active research topic [25] . Such methods are being widely used in object classification [1] , object detection [6, 14] one-shot learning [9] etc.
The key of most domain adaptation methods is to learn a transformation on the features to reduce the discrepancy of the distributions between the source and the target datasets. There are different situations in real-world problems. 1) The marginal distributions are different, while the conditional distributions are similar. 2) The marginal distributions are similar, while the conditional distributions are different. 3) Both the marginal and the conditional distributions are different [30] .
Instance reweighting [3, 4] and subspace learning [12, 11, 19, 27, 24] are two typical learning strategies for domain adaptation [22] . The former reduces the distribution discrepancy by reweighting the source samples, and trains a classifier on the weighted source samples. The latter tries to find a shared feature space in which the distributions of the two datasets are matched. There are also methods performing instance reweighting and subspace learning simultaneously and achieving the state-of-the-art results in many benchmark datasets [22] .
Classifier transduction represents another independent line of research for domain adaptation [20] . It directly designs an adaptive classifier by incorporating distribution adaptation with model regularization [7, 23, 20] . A typical strategy is to use certain regularization on the conditional distribution in the optimization process. For example, minimizing a metric between the outputs of a classifier can reduce the discrepancy of the conditional distributions of the source and the target datasets [20] , thus an adaptive classifier can be trained.
Recently, it has been shown in many challenging cases, both the marginal and the conditional distributions may be different between different domains. Simultaneously matching both of them can significantly improve the performance of the final classifier [30, 22, 20] . Methods belonging to this category achieved outstanding performance on benchmark datasets. However, many of them have high computational complexity (O(n 2 ) in [22] and O(n 3 ) in [20] ). It makes computations prohibitively expensive on large-scale problems.
Neural networks based deep learning approaches have achieved many inspiring results in machine learning and pattern recognition [17] . Recently, neural networks have been successfully used in solving domain adaptation such as sentiment classification [10] and pedestrian detection [29] . However there are few works solving general domain adaptation problem by explicitly matching the distributions of datasets through neural networks. Such explicit matching strategy has been shown to be crucial in the state-of-the-art methods [30, 22, 20] .
In this work, we propose the Deep Transfer Network (DTN), where a deep neural network is used to model and match both the marginal and the conditional distributions. The marriage of deep neural networks and domain adaptation provides us three unique advantages.
• The neural network structure makes our model suitable to achieve domain transfer by simultaneously matching both the marginal and the conditional distributions. We achieve this by two different types of layers in DTN: the shared feature extraction layer which learns a subspace to match the marginal distributions of the source and the target samples, and the discrimination layer which matches the conditional distributions by classifier transduction (Section 2).
• Compared to the former works, the proposed method can be optimized in O(n) time, where n is the number of training data points. Compared to other methods (O(n 2 ) in [21, 22] and O(n 3 ) in [20] ), it is more suitable to deal with large-scale domain adaptation problems (Section 3 and 4).
• By combining the best paradigms of both worlds (neural networks in recognition, and matching both the marginal and the conditional distributions in domain adaptation), we show by extensive experiments that the proposed method outperforms the state-of-the-art methods in both computation time, and accuracy. In order to show our method on a large-scale setting, we have tested on two datasets, which are 10 times the size of the widely used Office-Caltech dataset. Impressively, on USPS/MNIST dataset, DTN achieves 28.95% improvement in accuracy (Section 4).
Deep Transfer Network

Problem Formulation
represent samples in the source and the target datasets respectively. y ∈ R is the corresponding label of x. Given a labeled source dataset
where n s and n t are the numbers of the data points, the goal of domain adaptation is to learn a statistical model using all the given data to minimize the prediction error
in the target dataset, whereȳ t i is the predected label of the i th target data point by the model, and y t i is the corresponding true label, unknown in training. We consider the case where both the marginal distributions and the conditional distributions of the source and the target datasets are different. In the following of this paper, P (x s ) and P (x t ) represent the marginal distributions of the source and the target datasets, while P (y s |x s ) and P (y t |x t ) represent the conditional distributions.
Preliminary
In DTN, distribution matching strategy is applied. In order to match the distributions, a metric of difference between two distributions needs to be defined. We follow [19] and adopt the empirical Maximum Mean Discrepancy (MMD) as the nonparametric metric.
MMD is a commonly used metric of discrepancy between two distributions, due to its efficiency in computation and optimization [26] 
where M is the MMD matrix. Let M ij be one element of M. M ij can be calculated as:
A typical neural network consists of two types of layers:
• Feature extraction layer, which projects the input data onto another space by linear projection (or convolution) followed by an nonlinear activation function.
• Discrimination layer, where the final label prediction is preformed.
In the Convolutional Neural Networks (CNNs), for example, the feature extraction layers consist of the convolutional and fully connected layers, and the discrimination layer consist of the softmax regression layer. In the Multi-Layer Perceptrons (MLPs) with l layers (shown in Figure 1 ), the first l − 1 fully connected layers are feature extraction layers, while the last softmax regression layer is the discrimination layer. In the following, we will develop DTN based on MLPs. Our method can be easily extended to other types of neural networks.
Matching Marginal Distributions
MLPs define a family of functions. We consider a single layer neural network first. The single layer neural network maps x to an k-dimension feature vector h by a linear projection and a nonlinear vector-valued activation function f (·):
where
(e a +e −a ) and sigmoid(a) = 1 (1+e −a ) . The single layer neural network can be connected to form a deep neural network, where the output of one layer is used as the input of another layer.
For a MLP with l layers, the first l − 1 layers are all feature extraction layers. Let h(l − 1) be the feature of x in the l − 1th layer. Denote P (h s (l − 1)) and P (h t (l − 1)) as the distributions of the features of the source and the target datasets. The goal of our method is to make P (h s (l − 1)) and P (h t (l − 1)) to be close. This is achieved by minimizing the MMD when training the feature mapping function.
Let
be the feature matrix of the source dataset, while
be the feature matrix of the target dataset. And
) is modelled by the marginal MMD as follows:
where M is the MMD matrix defined in Eq. 2. Later, we will show how to minimize the above.
Matching Conditional Distributions
In this paper, we consider the logistic regression as the model of the discrimination layer. It projects the input data points to a set of hyperplanes, and the distances to the planes reflect the posterior probabilities. Assume there are a total of C categories in the dataset. For an arbitrary category c, the hyperplane of category c is denoted as w c . The posterior probability of y = c given feature x can be modelled as:
The distance between the conditional distributions of the source and the target dataset is measured by the conditional MMD, defined as:
where q c ∈ R n s +n t is the posterior distribution output vector of the c th category for all the data points, and M is the MMD matrix defined in Eq. 2. The smaller the conditional MMD is, the closer the conditional distributions of the source and the target datasets. Later, we will show how to minimize the above.
In order to estimate the conditional distribution of the target samples, the labels of the target samples need to be given. However the target labels are unknown in unsupervised domain adaptation. In such case, one can use some base classifiers, e.g., SVMs, MLPs, to obtain the pseudo labels for the target samples. In this work, the non-transfer neural networks are applied as the base classifier. And we iteratively update the labels of the target samples to ensure a good performance (the procedure is shown in Section 3). This empirically provides good performance.
Final Objective Function
By using the output of the last feature extraction layer as the input of the discrimination layer, we get DTN. The feature extraction layers find a shared subspace, in which the marginal distributions of features of the source and the target datasets are matched. Then an adaptive classifier is trained in the new shared feature space to match the conditional distributions. The final objective of DTN is given in this part.
We use the negative log-likelihood, a commonly used loss function in the objective function. It is defined as:
log (P (y = y i |x i , W)).
where W is the projection matrix of the neural networks in Eq. 3. By integrating Eq. 4 and Eq. 6 into Eq. 7, we can get the final objective function of DTN:
where λ and µ are marginal and condition distributions regulation parameters, which are further discussed in Section 4. Then, W can be calculated by minimizing Eq. 8. The final objective function does not depend on the exact form of the loss function and the structure of the network -one can easily extend the formulation to other types of neural networks, such as CNNs and Deep Belief Networks (DBNs), in addition to MLPs.
Optimization of Deep Transfer Network
The Optimization Procedure
We first introduce some notations. For an arbitrary training sample x, denote the posterior (conditional) probability output of the final classifier of this sample as p. p ∈ R C is a C-dimensional vector, where each dimension represents a posterior probability of certain category. It is easy to show that:
and
We then use the backpropagation algorithm to optimize the neural network. Denote one element in W as W ij . The partial derivative for W ij of Eq. 8 can be written as:
where ∂h(l − 1)/∂W ij and ∂p/∂W ij are vectors consisting of partial derivatives of each element in h(l − 1) and p with W ij . They can be easily computed if the structure of the network is given. We can optimize the parameters of the network with stochastic gradient descent. One issue to be addressed is that the computation of the marginal MMD or the conditional MMD requires taking all the source and the target samples into consideration. This is very inefficient, especially when the training dataset is large. Inspired by the idea of mini-batch stochastic gradient descent, we divide all the samples into different batches. Let N be the number of the batches we want to build. The source and the target datasets are divided into N parts. A training batch consist of n s /N source samples and n t /N target samples. It's easy to see:
where B is the set of all the batches, B k is the k th batch in B. n s k = n s /N and n t k = n t /N are the numbers of the source and the target datasets in B k . Therefore, if all the mini-batches are matched very well, the whole datasets are matched. Instead of computing MMD over the whole datasets, we compute MMD over every single batch. i = i + 1.
5:
Make mini-batches. Get W by optimizing Eq.8 using source data X s , Y s and target data X t ,Ȳ t i−1 .
7:
Predict X t with the network to getȲ
The training batches are built as follows. First, the samples of the smaller dataset are randomly picked and copied such that the source and the target datasets have the same number of samples. Assume the size of single batch is S. Then batches are filled by randomly picking S/2 samples from the source dataset and other S/2 samples from the target dataset, until all the samples are selected. The batch size S should be big enough so that every mini-batch can reflect the variance of the whole dataset. An empirical analysis on S is given in section 4. Figure 2 illustrates the process of building the batches of data. Finally, gradient descent on the mini-batch is applied to optimize the objective function.
As discussed in Section 2, the outputs of a non-transfer neural networks are utilized as the pseudo labels of the target samples. It is not surprising that the more accurate the labels of the target data are provided, the better performance of the final classifier. In particular, DTN can use its output as input to improve itself. We find that iteratively updating the labels of the target samples during training can significantly improve the performance of DTN, especially on large-scale datasets. We analyze the convergence property of DTN in Section 4. Algorithm 1 summarises the optimization of DTN.
Computational Complexity
Let n = max(n s , n t ) be the size of the bigger dataset, and the number of batches in B to be N . For each mini-batch, the cost of computing Eq. 9 and 10 are both O(S), where S is the size of one batch. More samples in a single batch always leads to higher computational cost when computing the gradient over the batch. The computational complexity of forward propagation over one batch is also O(S). Since there are a total of N batches and S × N = 2n, the total computational complexity of the backpropagation in DTN over the whole datasets is O(n). Unlike other high order domain adaptation algorithms, such as, Transfer Joint Matching (O(n 
Domain Adaptation on Small-Scale Datasets
We use the publicly available Office-Caltech dataset 1 to evaluate domain adaptation algorithms on small-scale dataset. Office-Caltech dataset, first released by Gong et al. [12] , consists of the Office dataset and the Caltech-256 dataset. Office dataset contains three domains: Amazon (online merchants images downloaded from www.amazon. We report results of DTN on all the 12 pairs and compared to the methods reported in [20] and [22] . The methods include: Among those, NN, MLP and RLS are the base classifiers without knowledge transfer. FSSL, TCA, GFK, TJM are subspace learning methods, while ARRLS is classifier transduction method. In particular, MLP is the non-transfer base classifier of DTN. And ARRLS is the method most closely related to DTN, since they both use marginal MMD and conditional MMD to evaluate the discrepancy between distributions. However, their underlying classification models are different. DTN is implemented using Theano, a parallel Python package [2] . We follow the same protocol in [19, 22] in the evaluation. The performance of DTN depends on the architecture of the neural networks. Besides the architecture of the neural networks, DTN involves four meta parameters: the regularization parameter for marginal distribution matching λ, the regularization parameter for conditional distribution matching µ, the batch size S which determines the size of the mini-batch, and the iteration number T controlling how many times the labels of the target samples are updated during the training process. For small-scale datasets, we only use the labels by non-transfer MLP during training.
In this experiment, we only use a neural network with one hidden layer. In other words, the base neural network only have one feature extraction layer and one discrimination layer. The number of hidden nodes is 500. We use the default setting λ = µ = 10 throughout the whole dataset. We empirically set batch size S = 200, which means that every mini-batch consists of 100 source samples and 100 target samples. However, since samples in DSLR and Webcam domains are too few to build enough batches for training, we set s = 100 for all the source/target pairs which involve DSLR or/and Webcam domains. The classification accuracy is used as an evaluate metric as in [19, 22] . Table 1 shows all the obtained classification accuracies on all the source/target pairs in Office-Caltech dataset for DTN and all the eight baseline methods. We observe that, DTN achieves the best performance on 6 out of 12 datasets, and on the other two datasets, the performance of DTN is only slightly worse (less than 1% of the classification accuracy) than the best baseline method. The average classification accuracy on all the 12 datasets of DTN is 51.68%, which is 3.73% higher compared to the best baseline method ARRLS. Compared to its non-transfer base classifier MLP, DTN gains improvement on all 12 datasets and finally outperforms MLP by 6.60% on average accuracy. This fact proves that, simultaneously minimizing MMD of both the marginal and the conditional distributions of the source and the target datasets can significantly improve the performance of the trained classifier on the unlabeled target dataset.
We also notice DTN performs better than ARRLS. These two methods both use MMD to evaluate the marginal and the conditional distributions divergences between two datasets. The only difference is that the base classifiers, DTN uses MLP and ARRLS uses RLS. This proves that the combination of the best paradigms of both worlds (neural networks in recognition, and matching both the marginal and the conditional distributions in domain adaptation) works well. We also observe that methods matching both the marginal and the conditional distributions (TJM, ARRLS and DTN) always perform better than methods matching marginal distributions only (TCA and GFK). The reason is that, both the marginal and the conditional distributions may change over different domains in real-world problems. Matching marginal distributions only cannot guarantee small discrepancy between conditional distributions, and the discriminative directions of the source and the target domains may still be different [20] .
Domain Adaptation on Large-Scale Datasets
We develop two new large-scale settings to evaluate the performance of domain adaptation algorithms, which are USPS/MNIST dataset and CIFAR/VOC dataset. These two datasets are almost 10 times larger than current datasets. For both the settings, we use one dataset as the source set and the other one as the target set to evaluate our method.
USPS/MNIST. USPS 2 and MNIST 3 datasets are two handwriting datasets widely used in classification algorithm evaluation. USPS dataset consists of 10,000 training and testing images with image size of 16×16, while MNIST dataset has 50,000 training images with image size of 28×28. We follow the same preprocessing procedure in [19] . However, rather than randomly sampling a subset, we use all the training and testing images in the USPS dataset as the source samples and all the training samples in the MNIST dataset as the target samples. Thus, our USPS/MNIST dataset has 60,000 samples in total, which is 20 times larger than the one used in [19] .
CIFAR/VOC. CIFAR-10 dataset 4 [16] is a labeled subset of the 80 million tiny images dataset [28] . It consists of 60,000 32×32 colour images in 10 categories, 6,000 images per class. Pascal VOC 2012 dataset 5 [8] is designed for recognizing objects in realistic scenes. It has 20 classes with a total of 11,530 images. Some sample images of CIFAR-10 and Pascal VOC 2012 are shown in figure 3 . The CIFAR-10 dataset consists of very tiny images while the images in Pascal VOC 2012 look like images taken from the Internet. They follow very different distributions. CIFAR-10 dataset and Pascal VOC 2012 dataset share 6 semantic categories, "aeroplane/airplane", "bird", "car", "cat", "dog" and "horse". We therefore construct CIFAR/VOC dataset by randomly sampling 15,000 images (2,500 per category) from CIFAR-10 dataset to form the source dataset and selecting all the samples in Pascal VOC 2012 dataset to form the target dataset. For all the 17,720 image samples, DeCAF feature [15] is extracted. We use the 6th layer output, which leads to a 4096-dimension feature.
A convolutional neural network (CNN) is applied to USPS/MNIST dataset as the base classifier. The CNN is based on LeNet model, which was first proposed in [18] . It has two convolutional and max-pooling layers with filter size 3×3 and a fully-connected layer with 500 nodes. A multilayer perceptron with 3 hidden layers is used as the base classifier for CIFAR/VOC dataset. The numbers of the nodes in each hidden layer are 2,000, 1,000 and 500 respectively. For parameter settings, we also set the distribution regulation parameters to the default setting λ = µ = 10. The mini-batch size S for MINST/USPS is set to 4,000, which means that one mini-batch consists of 2,000 source samples and 2,000 target samples. For CIFAR/VOC, S = 2, 000. Iteration number T is set to 20, meaning that the labels of the target samples are iteratively updated 20 times during training. Table 2 shows the results of DTN and some baseline methods. We observe that the classification accuracy of DTN on USPS/MNIST and CIFAR/VOC datasets are 81.04% and 73.60% respectively. Compared to its non-transfer base classifier neural networks, it achieves improvements of 36.57% and 14.56%. The best baseline method is ARRLS, which gets accuracies of 52.09% and 71.73% and gains 35.52% and 9.3% improvements from its non-transfer base classifier RLS. Compared to the best baseline method (ARRLS), DTN gains improvements of 28.95% and 1.87%. We observe that DTN performs significantly better than any other baseline method on USPS/MNIST dataset. It's because of the extraordinary performance of its base classifier CNN in digit recognition. Table 3 shows the execution time of some algorithms run on the large-scale datasets. DTN has competitive speed compared to the baseline method with best performance (ARRLS). In order to directly display the computational complexity, we randomly sample USPS/MNIST to different sizes, from 10,000 to 60,000 and plot the execution time of DTN and ARRLS on Figure 4 (d). It shows the execution time of DTN grows almost linearly with the number of the training samples, however, ARRLS grows much faster. It should also be remarked here that ARRLS requires over 100GB memory to save the kernel matrix, while less than 3GB video memory is enough for DTN. The experimental result proves that DTN can deal with very large-scale dataset with appealing transfer performance.
Parameter Sensitivity
We conduct parameter sensitivity experiment on USPS/MNIST and CIFAR/VOC dataset. Distribution matching parameters λ, µ, size of the mini-batch S and iteration number T are evaluated.
Distribution Regularization Parameters λ , µ. λ controls the level of marginal distribution matching, and µ controls the level of conditional distribution matching. The larger the values are, the smaller the differences of distributions. For simplification, we set λ = µ. Figure 4 (a) shows the classification accuracies with different values taken from {0, 1, 5, 10, 50, 100, 500}. We noticed that λ and µ can be chosen from [1, 100] . Throughout the whole experiment part, we choose λ = µ = 10 as default.
Batch Size S. The mini-batch is the basic unit for evaluating the distribution of the database and optimizing the objective function. The size S should be large enough to contain enough samples in the batch so that it can reflect the distribution of the whole dataset. Figure 4(b) shows the classification accuracies with different values taken from {200, 400, 600, 800, 1000, 2000, 4000, 8000}. We notice that bigger batch always leads to better performance. For large-scale dataset, S can be chosen from [2000, 8000] . On the other hand, the size of the batch should not to be too large, due to limited GPU memory (experiments on CIFAR/VOC with batch size 4,000 and 8,000 failed due to insufficient video memory). Finally, we choose S = 4, 000 for USPS/MNIST and S = 2, 000 for CIFAR/VOC. Iteration Number T . DTN can use its output as its input and alternatively improve the performance. T determines how many times the labels of the target datasets are updated during training. Figure 4(c) shows that the classification accuracy increases steadily with more iterations and finally converges (the classification accuracies of USPS/MNIST are plotted every 4 iterations). Finally, we choose T = 20 for experiments on large-scale datasets.
The unsupervised DTN can also be extended to a semi-supervised version easily. Labeled samples in target dataset can always provide better estimation of the distribution of the target data.
